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In Arabidopsis, DEMETER (DME) DNA demethylase
contributes to reprogramming of the epigenetic state
of the genome in the central cell. However, other
aspects of the active DNA demethylation processes
remain elusive. Here we show that Arabidopsis
SSRP1, known as an HMG domain-containing com-
ponent of FACT histone chaperone, is required for
DNA demethylation and for activation and repression
ofmany parentally imprinted genes in the central cell.
Although loss of DNA methylation releases silencing
of the imprinted FWA-GFP, double ssrp1-3;met1-3
mutants surprisingly showed limited activation of
maternal FWA-GFP in the central cell, and only
became fully active after several nuclear divisions
in the endosperm. This behavior was in contrast to
the dme-1;met1 double mutant in which hypomethy-
lation of FWA-GFP bymet1 suppressed the DNA de-
methylation defect of dme-1. We propose that active
DNA demethylation byDME requires SSRP1 function
through a distinctly different process from direct
DNA methylation control.
INTRODUCTION
The control of DNA methylation and histone modifications has
been intensively investigated with respect to parent-of-origin
specific gene expression (genomic imprinting) in Arabidopsis
(Berger and Chaudhury, 2009). Establishment of the patterns
of asymmetry in DNA methylation is thought to be achieved
through a series of passive and active DNA demethylation steps
in the central cell, the progenitor cell of endosperm before fertil-
ization. During maturation of female gametophytic cells, passive
demethylation is mediated via the transcriptional repression
of METHYLTRANSFERASE1 (MET1) by the retinoblastoma
pathway, which may lead to hemimethylated state of DNAmeth-
ylation (Jullien et al., 2008). Active demethylation is achieved byDevelopmenthe enzyme DEMETER (DME), a 5-methylcytosine glycosylase
of the BER pathway (Andreuzza et al., 2010; Choi et al., 2002;
Gehring et al., 2006). DME demethylates many of the repetitive
transposable elements in the female genome (Gehring et al.,
2009; Hsieh et al., 2009b), and induces activation of imprinted
protein-coding genes such as MEDEA (MEA), FERTILIZATION
INDEPENDENT SEED 2 (FIS2) and FWA in the central cell
(Choi et al., 2002; Jullien et al., 2006b; Kinoshita et al., 2004).
By contrast to the demethylation of maternally transmitted
alleles in the endosperm, the DNA methylation patterns in the
corresponding paternal alleles are preserved by a maintenance
DNA methyltransferase during formation of the male gameto-
phyte and in the endosperm after fertilization (Huh et al., 2008;
Jullien et al., 2006b; Kinoshita et al., 2004). In addition to control
by DNA methylation, repression of the paternally derived MEA
allele is auto-regulated by the polycomb repressive complex 2
(PRC2) in the endosperm (Baroux et al., 2006; Gehring et al.,
2006; Jullien et al., 2006a). Thus, epigenetic reprogramming of
imprinted genes in the female central cell before fertilization is
a prerequisite step for establishment of asymmetric gene
expression in the endosperm (Hsieh et al., 2011; Huh et al.,
2008).
To elucidate additional molecular mechanisms of genomic
imprinting and DNA demethylation, we identified and character-
ized mutants that are defective in activation of an imprinted
FWA-GFP reporter. Two of the isolated mutants encode an
Arabidopsis homolog to STRUCTURE SPECIFIC RECOGNITION
PROTEIN 1 (SSRP1), a high mobility group (HMG) domain con-
taining nonhistone chromosomal protein, which was originally
identified as a protein that shows binding affinity for specific
DNA structures (Bruhn et al., 1992; Shirakata et al., 1991).
SSRP1 was subsequently shown to form a heterodimer with
SPT16 in a FACT (facilitates chromatin transcription/transaction)
histone chaperone complex in humans, Drosophila and
Arabidopsis (Duroux et al., 2004; Lolas et al., 2010; Orphanides
et al., 1999; Shimojima et al., 2003). This heterodimer contributes
to the remodeling of chromatin by displacing histones H2A and
H2B, and influences initiation of transcription, transcription elon-
gation, DNA replication, DNA repair, and centromere function
(Belotserkovskaya et al., 2003; Formosa, 2008; Heo et al.,
2008; Lejeune et al., 2007; Tan et al., 2006). In addition to itstal Cell 21, 589–596, September 13, 2011 ª2011 Elsevier Inc. 589
Figure 1. SSRP1 Is Required for Activation of
Imprinted FWA-GFP
(A–D) Fluorescence images of pFWA::DFWA-GFP ovules
before fertilization (A and B), and of seeds at 2 days after
pollination (DAP) seeds (C and D).
(E–G) The central cell in WT (E) and ssrp1-3 ovules (F and
G) at 6 days after emasculation (DAE). Egg cell (blue),
central cell nucleus and primary endosperm nuclei (pink)
are pseudocolored.
(H) Silique elongation in ssrp1 and wild-type at 7 DAE.
(I and J) Expression pattern of the KS22 endosperm
marker in the mature female gametophyte (I) and in the
dividing nuclei of the central cell without fertilization (J).
Note that all ovules containing autonomous endosperm
expressed the KS22 marker. Background expression of
KS22 can also be seen in the integuments at the micro-
pylar end. Scale bars represent 50 mm.
See also Figure S1.
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Role of SSRP1 in DNA Demethylationrole in the FACT histone chaperone, SSRP1 may have other,
independent roles as it was purified as a coactivator of p63
transcription factor without SPT16 (Zeng et al., 2002), and
transcriptome analysis of knockdown mutants in human cell
cultures showed SSRP1 specific targets (Li et al., 2007). Here,
we demonstrate another role for SSRP1 in DNA demethylation
and control of imprinted gene expression in the Arabidopsis
central cell before fertilization.
RESULTS AND DISCUSSION
Isolation of DNA Demethylation Mutants
We designed a genetic screen using a pFWA::DFWA-GFP
reporter construct that has the promoter and 50 SINE-related
sequence, and whose DNA methylation status determines im-
printed gene expression (Kinoshita et al., 2007). We screened
1200 M1 plants and found mutations that displayed a 1:1
segregation ratio of GFP positive to negative fluorescence both
before and after fertilization (Figures 1A–1D) (see also Supple-590 Developmental Cell 21, 589–596, September 13, 2011 ª2011 Elsevier Inc.mental Experimental Procedures available on-
line). By using a map-based cloning strategy,
we found alleles of SSRP1, encoding a protein
known to be a component of a FACT histone
chaperone (Figures S1A–S1D). One of these
alleles, ssrp1-3, had a premature termination
in the conserved structure specific recognition
domain in the N terminus that resulted in a null
mutation of ssrp1. A second mutant, ssrp1-4,
had truncation of the conserved HMG domain
in the C terminus. Plants heterozygous for
this mutation produced viable seeds, whereas
the homozygous were dwarf and sterile. This
phenotype is similar to that reported for the
ssrp1-2 mutant (Lolas et al., 2010).
Phenotypic Analyses of ssrp1 Mutants
Related to Genomic Imprinting
We asked the question whether SSRP1 affects
only FWA or controls other imprinted genes
such as MEA or FIS2. In the female gameto-phytes of plants with mutations of MEA or FIS2, central cell
proliferation (autonomous endosperm) is not suppressed, and
silique elongation occurs without fertilization. When mea or fis2
heterozygous mutants are fertilized with wild-type pollen, endo-
sperm development proceeds to the syncytial nuclear division
stage in a 1:1 ratio, and cellularization of the endosperm fails,
resulting in the arrest of embryo growth at the late heart stage
(Guitton et al., 2004; Ingouff et al., 2005; Rodrigues et al.,
2010). If SSRP1 controls imprinting of MEA or FIS2, then we
would expect to observe overlap between the phenotypes of
ssrp1 mutants and mutants of other imprinted genes. For
example, although dme does not show an autonomous endo-
sperm phenotype, it shows endosperm over-proliferation after
fertilization (Choi et al., 2002; Guitton et al., 2004). We observed
that heterozygous ssrp1-3 mutant similarly showed nuclear
division in the central cell (Figures 1E–1G and Figure S1E) and
silique elongation also occurred without fertilization (Figure 1H
and Figure S1F). The dividing nucleus also acquired an endo-
sperm character as evidenced by expression of the endosperm
Figure 2. Effects on Imprinted Seed Pheno-
types in Arabidopsis
(A–C) Phenotypes of developing F1 seeds at (A) 4
DAP, (B) 7 DAP, and (C) 15 DAP in a cross between
female ssrp1-3+/ and male wild-type. Orange
arrowheads indicate a class of seeds with a white
and plump phenotype; some of these are aborted
at a late stage as indicated by the orange arrow-
head in (C).
(D–F) A wild-type seed (left in D and E) and a seed
showing endosperm over-proliferation (right in D
and F) in a cross between female ssrp1-3+/ and
male wild-type.
(G–I) Phenotypes of heteroallelic seeds from a
cross between female ssrp1-3+/ crossed with
male ssrp1-2/ at (G) 4 DAP, (H) 7 DAP, and (I) 15
DAP. White arrowheads show small shriveled
seeds at an early stage.
(J–M) Images of cleared seeds of wild-type (J and
L) and of heteroallelic seeds (K andM) from a cross
between female ssrp1-3+/ and male ssrp1-2/
at (J and K) 4 DAP and (L and M) 6 DAP.
(N–T) Fluorescence images of pFWA::DFWA-GFP
in (N and O) heterozygous spt16-1, (P and Q)
heterozygous spt16-2, (R and S) heterozygous
ssrp1-4, and (T) homozygous spt16-2 mutants
(N, P, R, and T) before fertilization and (O, Q, and S)
after fertilization. Shrinkage of the embryo sac at
the micropylar end and absence of central cell nuclei (white arrowhead) are visible in (T). These aborted ovules are GFP negative. Scale bars represent 200 mm
(A–D and G–I), 50 mm (E, F and J–T).
See also Figure S2, Table S1, and Table S2.
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Role of SSRP1 in DNA Demethylationmarker KS22 (Figures 1I and 1J). In addition to the autonomous
endosperm phenotype of maternal ssrp1-3, we observed
reduced paternal transmission rates for the ssrp1 mutations
(Table S1). This suggests that SSRP1 may also have a role in
the vegetative or sperm cells in the male gametophyte, although
the maturation of pollen grains in heterozygous mutant plants
appeared normal (Figures S2A and S2B) (Lolas et al., 2010). A
similar decreased paternal transmission rate is observed in
dme mutants (Schoft et al., 2011).
Next, we investigated seed phenotypes in self-pollinated
ssrp1-3 plants, and observed two types of abnormal seed.
One type aborted at a relatively early stage of seed develop-
ment, and contained an arrested embryo at the octant stage
of embryo development (Figures S2C–S2F). The other showed
a brown coloration and aborted at a later stage of seed devel-
opment, generally 7–12 days after pollination (DAP) (Fig-
ure S2D). Because the fis mutants show this phenotype at a
much higher frequency, SSRP1 is interpreted as having a
role in the control of other imprinted genes, and/or additional
roles in the embryo and the endosperm. Further analysis
confirmed that although paternal transmission of ssrp1-3 is
low, the seeds of crosses between WT females and male
ssrp1-3 heterozygotes appear normal (Table S2). In the recip-
rocal cross between female ssrp1-3 heterozygotes and WT
males, the rate of early seed abortion is reduced compared to
self-pollinated ssrp1-3 heterozygotes but late aborting seeds
were still found. The characteristics of this maternal effect on
late abortion, namely white and plump seeds, are due to endo-
sperm overproliferation and abortion with accumulation of
brown pigment (Figures 2A–2F). These characteristics overlap-
ped with those reported for mutations of the imprinted MEADevelopmenand FIS2 genes, although the rate of seed abortion was low
compared to those mutants.
To investigate the role ofSSRP1 in early seed development, we
used the weak ssrp1-2 allele (Lolas et al., 2010) as a pollen donor
to create the heteroallelic combination of ssrp1-3 and ssrp1-2.
Early in seed development, the female ssrp1-3 showed a 1:1
segregation ratio with respect to activation of FWA-GFP. In this
cross, therefore, half of the seeds should be heteroallelic i.e.,
ssrp1-2/ssrp1-3, and the other half heterozygous for ssrp1-2.
The observed phenotypic segregation ratio of early aborting to
green (normal-looking) seedswasconsistentwith thisexpectation
(Table S2). The early aborting seeds (Figures 2G–2I), expected
to be ssrp1-2/ssrp1-3 heteroalleles, showed arrested embryo
development up to the dermatogen stage (Figures 2J–2M), sug-
gesting that SSRP1 is also required for early embryogenesis.
To clarify the role of SSRP1 and its dependency on SPT16, its
binding partner in a FACT complex, we examined spatial expres-
sion patterns of the pSSRP1::SSRP1-mRFP reporter, and also
measuredSSRP1 and SPT16 transcripts in female gametophytic
cells isolated by a micromanipulation system. We found that
the fusion protein was localized in the nuclei of the root apex
and the lateral primordial cells and in female gametophytic cells;
the latter localization was supported by detection of SSRP1
transcripts in the egg and central cells (Figures S2G–S2J).
Although SPT16 transcripts can also be detected in these
cells, surprisingly, hemizygous T-DNA insertions of spt16-1 or
spt16-2 and homozygous insertion of spt16-2 did not cause
any defect in activation of FWA-GFP, whereas heterozygous
ssrp1-4 (a weak allele) clearly reduce FWA-GFP expression (Fig-
ures 2N–2T). Analyses here and elsewhere (Lolas et al., 2010)
have shown that SSRP1 and SPT16 are commonly involved intal Cell 21, 589–596, September 13, 2011 ª2011 Elsevier Inc. 591
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Figure 3. Expression and Methylation Status of Imprinted Genes
(A–C) qRT-PCR analysis of well known imprinted genes in ovules that inherited either thewild-type allele and the ssrp1-3 allele (A) before fertilization or at (B) 3 DAP
with wild-type pollen. Expression patterns of the selected imprinted genes from a recent genome wide analysis of the ssrp1-3 ovules are displayed in (C). The
transcript levelswerenormalizedagainstUBQ10expression for (A) and (B) andACT11 for (C). Errorbars represent standarddeviation (SD); n=3biological replicates.
(D) Top: central cells with or without GFPwere released, and collected under amicroscope. Scale bars represent 50 mm.Bottom: qRT-PCR analysis of FWA, FIS2,
DME , andMET1 in the isolated wild-type, dme-1, and ssrp1-3 central cells. The transcript level was normalized against ACT11 expression. Error bars represent
SD; n = 3 biological replicates.
(E) Percentmethylation of the 50 SINE-related repeat of FWA in theWT embryo and endospermor aftermaternal inheritance of ssrp1-3. Methylation levels for each
fraction were determined by bisulfite sequencing. n = number of sequenced amplicons.
See also Figure S3.
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Role of SSRP1 in DNA Demethylationmany aspects of plant development, which likely represent their
roles in a FACT histone chaperone. By contrast, our contrary
observation that the FWA-GFP reporter is normally activated
even in the homozygous spt16-2 mutant ovule might reflect an
SPT16 independent role for SSRP1 (Li et al., 2007; Zeng et al.,
2002). However, further analyses, possibly using an spt16 null
allele if this can be created are required to confirm an SPT16-
dependent or -independent role for SSRP1. In any case, the
SSRP1 genotype of the female gametophytic central cell deter-
mines the imprinted pattern of FWA expression and the maternal
effect on endosperm phenotype.
SSRP1 Controls Expression of the Parental Imprinted
Genes
We next investigated expression of imprinted genes using
reporter constructs and qRT-PCR. Activation of FWA and, to a592 Developmental Cell 21, 589–596, September 13, 2011 ª2011 Elslesser extent, FIS2, was impaired in mutant ovules before and
after fertilization by a wild-type male, although the nonimprinted
FIE and DME genes displayed normal expression (Figures 3A
and 3B and Figures S3A–S3F). This is consistent with the obser-
vation of an overlap in phenotypes between ssrp1-3 andmutants
of other imprinted genes. In our qRT-PCR experiment, the level
of the MEA transcript in ovules carrying the ssrp1-3 mutant
was lower before but not after fertilization (Figures 3A and 3B).
This contrasting behavior in gene expression can be explained
by the fact that PRC2 represses MEA itself (Baroux et al.,
2006; Gehring et al., 2006; Jullien et al., 2006a), hence, absence
of PRC2 activity due to the lack of MEA and FIS2 gene expres-
sion before fertilization could release repression of MEA in
ssrp1-3 after fertilization.
Recently genome-wide analyses identified parental imprinted
genes and DNA demethylation in the endosperm (Gehring et al.,evier Inc.
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Role of SSRP1 in DNA Demethylation2009; Hsieh et al., 2009a, 2011; Wolff et al., 2011). We extended
our qRT-PCR analysis to some of these genes (Figure 3C). DNA
demethylation usually causes increased transcription, so the
failure to demethylate should lead to decreased transcription,
as we have observed with maternally expressed genes in an
ssrp1-3mutant. However our data also show that these mutants
fail to repress paternally expressed genes so their transcription
increases. This unexpected result suggests that the epigenetic
mechanisms that control gene expression are more complex
than anticipated, and are not solely based on the level of DNA
methylation (Makarevich et al., 2008). In addition, a recent report
suggested that DNA methylation may exclude PRC2 and its
repressive effects from some target genes in Arabidopsis
(Weinhofer et al., 2010). This may offer a clue to explain our
observations, because the maternal alleles of HDG3 and VIM5
are upregulated in both PRC2 and DNA demethylase mutants
(Hsieh et al., 2011).
DME has been reported to be predominantly expressed in
the central cell (Choi et al., 2002); however, a recent report has
indicated that DME is also expressed in proliferating vegetative
cells (Kim et al., 2008), raising the possibility that DME might be
expressed in the sporophytic cells of the ovule. Therefore, we
analyzed transcripts of genes directly in the central cells of WT,
dme-1and ssrp1-3using amicromanipulation system (Figure 3D,
see also Figure S2J). We found that the levels of FWA transcripts
were decreased in the central cells of both dme-1 and ssrp1-3
mutants compared to WT; FIS2 transcripts showed a similar
butweaker effect. By contrast, control studies ofDME transcripts
showed a decrease in the dme-1 central cells, but no difference
from WT in ssrp1-3 cells. The relatively low level of MET1
transcripts in the central cell was also not altered by ssrp1-3 (Fig-
ure 3D). Thus, by measuring transcripts of DME andMET1 in the
single cell type, we excluded the possibility thatSSRP1 indirectly
affects the level of transcripts of FWA through either DME DNA
demethylase or MET1 methyltransferase.
ssrp1 Affects DNA Demethylation of SINE-Related
cis-Element for FWA
We then asked if a maternally-inherited ssrp1-3 mutation
affected embryonic or endosperm DNA demethylation of the
SINE-related repetitive cis-element that controls FWA imprinting
(Kinoshita et al., 2007) (Figure 3E and Supplemental Experi-
mental Procedures). Seeds carrying a maternally-inherited
ssrp1-3 allele were first identified by their larger size (Figure 2D),
and their genotypes were then confirmed (Figure S3G). In the
wild-type embryos, the bisulfite sequence analysis of the
SINE-related cis-element revealed a high level of CGmethylation
with moderate levels of CHG and CHH methylation. By contrast,
in the wild-type endosperm, decreased levels of DNA methyla-
tion were found at CG, CHG, and CHH sites in the maternally
derived FWA allele, which is consistent with our previous report
(Kinoshita et al., 2004). In an embryo inheriting a maternal
ssrp1-3 allele, the levels of DNA methylation increased at CG
sites in the maternally derived SINE-related cis-element, but
was lower at CHG and CHH sites in both the maternal and
paternal alleles. Importantly, an endosperm inheriting the
maternal ssrp1-3 allele had a considerably higher methylation
level of the maternal SINE-related cis-element at all CG, CHG,
and CHH sites as compared to the wild-type. The levels ofDevelopmenmethylation at CG, CHG, and CHH sites on the paternal allele
were not significantly changed in the ssrp1-3 endosperm (Fig-
ure 3E). These results suggest that SSRP1 is necessary for
DNA demethylation and activation of the FWA maternal allele
in the central cell, and therefore in the endosperm. We also
examined DNA methylation status by McrBC restriction enzyme
digestion followed by PCR and confirmed that ssrp1-3 affected
DNA demethylation of the repetitive sequences in the MEA
30-ISR region and in the Helitron transposon of MEA 50 region
(Figure S3H).
Genetic Dissection of the Role of SSRP1
DNA methylation at imprinted genes is antagonistically
controlled by the MET1 maintenance DNA methyltransferase
and DME DNA demethylase (Jullien et al., 2008; Xiao et al.,
2003). We used plants heterozygous for met1-3, dme-1, or
ssrp1-3, and also double heterozygotes that were combinations
of these mutants, to elucidate the relationship of SSRP1 to DNA
demethylation. We crossed female mutant plants bearing
pFWA::DFWA-GFPwith male wild-type Col-0 plants in all exper-
iments. Because the maternal plants are heterozygotes, each
mutant allele only shows its defect in the haploid generation of
the female gametophyte before fertilization, and its epigenetic
state is inherited in the primary endosperm after fertilization.
The activation of the FWA reporter gene in heterozygous
dme-1 was observed in only 50% of ovules, whether before or
after fertilization with wild-type pollen, indicating that maternal
transmission of mutant dme-1 conformed to a 1:1 ratio, and
confirming that dme-1 mutant cannot activate FWA (Kinoshita
et al., 2004). By contrast, in the dme-1;met1-3 double heterozy-
gote, expression of the FWA reporter gene was rescued, such
that about 75% of ovules activated the reporter, both before
(73.5%; c test, c2 = 1.11, p > 0.25) and after fertilization
(75.2%; c2 = 0.021, p > 0.8) (Figure 4A; see also an additional
control in Figure S4), indicating that hypomethylation caused
by themet1mutant allele suppresses the dme-1mutant pheno-
type. Thus, even without the active DNA demethylase, maternal
FWA alleles became fully active in the central cells when the
maintenance DNA methyltransferase was not functional in the
gametophytic generation (see also Xiao et al., 2003).
The ssrp1-3 heterozygote showed the expected 50% activa-
tion both before and after fertilization regardless of the presence
of the paternally derived WT SSRP1 allele (Figure 4A). Because
ssrp1-3 affects DNA methylation similar to dme-1, we asked if
met1-3 suppresses ssrp1-3 defects in the central cell and the
endosperm. Interestingly, our analyses of the pFWA::DFWA-
GFP activation in an ssrp1-3;met1-3 double heterozygote re-
vealed differences compared to those seen in dme-1;met1-3
plants. Before fertilization, only 50% of the ovules (46.5%; c2 =
2.45, p > 0.1) from the ssrp1-3;met1-3 double heterozygotes
had a strong GFP signal (Figures 4A and 4C). A small population
of the ovules (15.9%) had an unusually weak GFP signal,
whereas the remainder showed no GFP signal (37.7%) (Figures
4A, 4D, and 4E). After fertilization, the percentage of ovules
that had intense GFP expression increased (Figures 4A and
4F–4K), and the proportion of ovules showing either strong or
weak GFP expression at 3 DAP (74.2%; c2 = 0.33, p > 0.5) ulti-
mately achieved the expected 3:1 segregation ratio that would
occur if met1-3 suppressed ssrp1-3, as observed in the dme-1;tal Cell 21, 589–596, September 13, 2011 ª2011 Elsevier Inc. 593
Figure 4. Genetic Interactions of DNA
Methyltransferase (met1), DNA Demethy-
lase (dme), and the HMG Domain Gene
(ssrp1)
(A) The frequencies of nonfluorescent and fluo-
rescent ovules in plants with different genotypes;
wild-type, heterozygotes for met1-3, dme-1, or
ssrp1-3, double heterozygotes for dme-1;met1-3
or ssrp1-3;met1-3. The proportions (%) of ovules
with strong fluorescence (green box), weak fluo-
rescence (yellow-green box), or nonfluorescence
(cream box) were determined during endosperm
development after fertilization with wild-type
pollen. n = number of counted ovules.
(B) Proportion (%) of fluorescent ovules in the
absence of fertilization. In ssrp1-3 heterozygotes
(left), a 1:1 segregation of fluorescence was con-
sistently observed from 0 to 3 days after matura-
tion of the female gametophyte (DAM) regardless
of nuclear division in the autonomous endosperm.
(C–N), Fluorescence images of pFWA::DFWA-
GFP in the double heterozygote for ssrp1-3;met1-
3 (C–E) before fertilization, (F–H) in ovules 1 DAP,
(I–K) 3 DAP, and (L–N) 2 DAM of the female
gametophyte without fertilization. The white
arrowheads indicate autonomous endosperm
nuclei. Scale bars represent 50 mm.
See also Figure S4.
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Role of SSRP1 in DNA Demethylationmet1-3 double heterozygote. Although GFP expression in the
ovules from dme-1;met1-3 heterozygotes suggests that the
SINE-related cis-element in the FWA promoter is fully hypome-
thylated in met1-3 ovules, met1-3 does not fully suppress
ssrp1-3 before or just after fertilization. Full suppression of the
ssrp1-3 allele by met1-3 was observed only after six to seven
nuclear divisions of the primary endosperm. This phenomenon
was also seen in autonomous endosperm that lacked a paternal
genome contribution (up to three nuclear divisions; Figures 4B
and 4L–4N).
If maintenance DNA methylation is nonfunctional during
female gametophyte development, then the three rounds of
haploid nuclear division that occur during gametophytic devel-
opment will dilute the amount of CGmethylation that megaspore
inherited. Consequently, heterozygotes formet1-3 show ectopic
expression of FWA and delayed flowering associated with a loss
of DNA demethylation at the 50 SINE-related sequence in the
vegetative life cycle (Saze et al., 2003; Soppe et al., 2000).
However, it was unclear whether transcriptional activation of
FWA was caused directly by DNA demethylation or if additional
mechanisms are required. Our results demonstrated that
although DNA hypomethylation caused by met1-3 in the central
cell suppressed the defect in the DME DNA demethylase,
met1-3 did not induce full activation of the FWA reporter gene
when the SSRP1 gene was mutated. By contrast, after three
or six to seven further nuclear divisions in the autonomous
endosperm or fertilized endosperm, respectively, the FWA
reporter was converted to an almost fully active state. A clue
to understanding these observations comes from the fact that
DNA replication in a hypomethylated genome induces an alter-594 Developmental Cell 21, 589–596, September 13, 2011 ª2011 Elsation from the silent chromatin state to the active chromatin
state (Groth et al., 2007). Thus, the ssrp1 mutant’s defects in
activation of FWA expression in a hypomethylated genome
might be suppressed by this kind of chromatin state transition.
The order of the predicted steps for DNA demethylation, i.e.,
the chromatin based mechanism relating the removal of methyl-
cytosine to transcription activation, are unknown. However, we
observed that DNA methylation of FWA remained at a high level
and that gene activation was impaired in ssrp1-3, suggesting
that DME alone does not induce complete DNA demethylation
and full activation of imprinted genes in the central cell. Alterna-
tively, transcriptional activation by SSRP1 might be required
for DME demethylation. The latter hypothesis could not be
applied to the loss of transcriptional repression of the maternal
alleles for imprinted VIM5 and HDG3 genes by SSRP1 in the
central cell. Similarly, it seems unlikely to explain the DNA deme-
thylation of the 50 promoter region of MEA, the 30 MEA-ISR and
the Helitron transposon (Figure S3H), all of which are located
outside theMEA transcription unit mediated by RNA polymerase
II. Alteration of the chromatin state by SSRP1 may be relevant
to DME-mediated genome-wide DNA demethylation in the
central cell.
The results presented here, in addition to the role of SSRP1
demonstrated in other organisms, suggest that SSRP1 contrib-
utes, at least in part, to a chromatin state transition upon DNA
demethylation in the central cell before fertilization. Our analyses
of double heterozygous mutants showed differential effects of
dme-1 and ssrp1-3 on the release of FWA-GFP silencing in a
hypomethylated genome induced by met1-3. This suggests a
possible link, which was not evident before, between theevier Inc.
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thylation during epigenetic reprogramming.EXPERIMENTAL PROCEDURES
Procedures for basic experiments and mutant screening are described in the
Supplemental Experimental Procedures.RNA Extraction from Ovules and qRT-PCR Analysis
For gene expression analyses using ovules, 30 hand-dissected ovules with
GFP fluorescence (inherited wild-type allele) or without GFP fluorescence
(inherited mutant allele) were obtained from ssrp1-3+/ mutant plants using a
MVX10microscope (Olympus). To obtain immature seeds at 3 DAP, ssrp1-3+/
plants were pollinated with wild-type pollen, and then 15 GFP-positive and 15
GFP-negative seeds were harvested under a fluorescence microscope. Total
RNAswere isolated using the PicoPure RNA isolation kit (ARCTURUS) accord-
ing to the manufacturer’s instructions. Each sample of total RNA was treated
with DNase (Promega) and reverse-transcribed in a 20 ml reaction mixture
using the Primescript Reverse Transcriptase (TaKaRa) with an oligo dT-21
primer. Ten-fold diluted cDNA was used as a qRT-PCR template. qRT-PCR
analysis was performed using SYBR Premix Ex Taq (TaKaRa) and Thermal
Cycler Dice (TaKaRa). Gene expression was quantified by absolute quantifica-
tion. The primer sequences used for PCR are listed in Supplemental Experi-
mental Procedures.Isolation of Central Cells and cDNA Synthesis
Unfertilized ovules from ssrp1-3+/ and dme-1+/ mutant plants were soaked
in an enzyme solution (1% cellulase [Worthington], 0.3% macerozyme R-10
[Yakult], 0.05% pectolyase [Kyowa Kasei], and 0.45 M mannitol [pH 7.0]).
After a few minutes, the cells in the embryo sac were released from the micro-
pyle of the ovule. The released central cells were identified by their relatively
large cell volume and amyloplast-rich cytoplasm. Five central cells with or
without GFP fluorescence, were collected from ssrp1-3+/ and dme-1+/
mutant ovules using aPico-Pipet (Altair) with glass-capillary and amicromanip-
ulator (Eppendorf) under an Axiovert microscope (Carl Zeiss). Total RNAswere
isolated using the PicoPure RNA isolation kit (Arcturus) with on-column DNase
digestion (QIAGEN). Each sample was reverse-transcribed and amplified by
in vitro transcription using SuperScript III Reverse Transcriptase (Invitrogen)
and MessageBOOSTER cDNA Synthesis Kit for qPCR (Epicentre). Five-fold
diluted cDNA was used as the qRT-PCR template. Gene expression was
quantified by absolute quantification. The transcript level was normalized
against ACT11 expression. The primer sequences used for PCR are listed in
Supplemental Experimental Procedures.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and two tables and can be found with this article online at
doi:10.1016/j.devcel.2011.08.013.ACKNOWLEDGMENTS
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